Background and Purpose-Changes in the blood-oxygen-level-dependent (BOLD) signal provide a noninvasive measure of blood flow, but a detailed comparison with established perfusion parameters in acute stroke is lacking. We investigated the relationship between BOLD signal temporal delay and dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI) in stroke patients. Methods-In 30 patients with acute (<24 hours) ischemic stroke, we performed Pearson correlation and multiple linear regression between DSC-MRI parameters (time to maximum [Tmax], mean transit time, cerebral blood flow, and cerebral blood volume) and BOLD-based parameters (BOLD delay and coefficient of BOLD variation). Prediction of severe hypoperfusion (Tmax >6 seconds) was assessed using receiver-operator characteristic (ROC) analysis. Results-Correlation was highest between Tmax and BOLD delay (venous sinus reference; time shift range 7; median r=0.60; interquartile range=0.49-0.71). Coefficient of BOLD variation correlated with cerebral blood volume (median r= 0.37; interquartile range=0.24-0.51). Mean R 2 for predicting BOLD delay by DSC-MRI was 0.54 (SD=0.2) and for predicting coefficient of BOLD variation was 0.37 (SD=0.17). BOLD delay (whole-brain reference, time shift range 3) had an area under the curve of 0.76 for predicting severe hypoperfusion (sensitivity=69.2%; specificity=80%), whereas BOLD delay (venous sinus reference, time shift range 3) had an area under the curve of 0.76 (sensitivity=67.3%; specificity=83.5%). Conclusions-BOLD delay is related to macrovascular delay and microvascular hypoperfusion, can identify severely hypoperfused tissue in acute stroke, and is a promising alternative to gadolinium contrast agent-based perfusion assessment in acute stroke. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT00715533 and NCT02077582.
L ow-frequency oscillations (LFOs) in the blood-oxygenlevel-dependent (BOLD) signal on resting-state functional magnetic resonance imaging (rsfMRI) reflect the hemodynamic sequelae of neural 1 and cardiac/respiratory 2, 3 activities. The latter component, referred to as systemic LFOs, occurs with different time delays in different brain regions 4 and potentially provides information about cerebral perfusion. A disturbance of local blood flow is reflected in these LFOs as a localized delay relative to areas of normal flow, referred to as BOLD delay or hemodynamic lag. Evidence suggests that dynamic susceptibility contrast MRI (DSC-MRI) and BOLD delay provide similar information when used to assess blood flow in healthy brain tissue. 5 BOLD delay may be a useful, less-invasive alternative to DSC-MRI. The use of DSC-MRI is limited in both research and clinical settings because it requires the administration of intravenous contrast agent, which restricts repeated data acquisition from the same patient. Moreover, observations of gadolinium deposition in the human brain have provoked concerns about the innocuousness of some of these contrast agents. 6 A prerequisite for adopting BOLD delay as a potentially safer and more convenient alternative to DSC-MRI is investigating its possible use in pathological conditions associated with blood flow disturbances.
BOLD delay can detect hypoperfusion in acute stroke,
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Studies in acute stroke have been performed on small samples, precluding a detailed quantitative assessment of the relationship between BOLD delay and DSC-MRI in this setting. In addition, several issues have not yet been addressed. First, it is currently unknown which aspect of hypoperfusion is reflected in the delay in BOLD fluctuations. Second, as a relative measure of hemodynamic compromise, it is not known whether BOLD delay is also capable of identifying severely hypoperfused tissue. The severity of hemodynamic compromise is important in stroke, as severely compromised tissue indicates tissue at risk of infarction and already infarcted tissue. Perfusion assessment techniques should, thus, be able to differentiate mild from severely compromised tissue.
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In this study, we build on previous findings by investigating the relationship between BOLD delay and several perfusion parameters derived from DSC-MRI. In addition, we investigate the potential of BOLD delay for differentiating mild from severe hypoperfusion in acute ischemic stroke.
Methods
Study Design
Patients with a confirmed clinical and radiological diagnosis of ischemic stroke presenting within 24 hours of symptom onset were recruited as part of the 1000Plus (3 Tesla Stroke Medical Radiologic Technology for Examining Mismatch in 1000+; NCT00715533) and LOBI-BBB (Longitudinal MRI Examinations of Patients With Brain Ischemia and Blood Brain Barrier Permeability; NCT02077582) prospective clinical studies between January 2009 and December 2015. These studies were approved by the local ethics committee, and only patients who gave written informed consent were included.
Patients were included in this substudy if they received both a DSC-MRI and rsfMRI scan in the same session within 24 hours of stroke symptom onset and had a supratentorial infarct and visible hypoperfusion on time-to-maximum maps. Patients were excluded from all analyses if the largest displacement between 2 adjacent volumes in their rsfMRI scans exceeded 3 mm or if the mean framewise displacement across the entire scan exceeded 0.5 mm.
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Imaging Protocol
A stroke MRI protocol 13 was performed on a Siemens (Erlangen, Germany) Tim Trio 3 Tesla MR scanner. The sequence parameters for the rsfMRI scan were: repetition time=2300 ms, echo time=30 ms, flip angle=90°, matrix=64×64, voxel dimensions=3×3×3 mm, 1 mm slice gap, 33 slices, and 150 volumes (acquisition time=5 minutes and 50 seconds) and for DSC-MRI: repetition time=1390 ms, echo time=29 ms, flip angle=60, matrix=128×128, voxel dimensions=1.8×1.8×5 mm, 0.5 mm slice gap, 21slices and 80 volumes (acquisition time=1 minute and 58 seconds). For DSC-MRI, a bolus of 5 mL Gadovist (Gadobutrol, 1 mol/L; Bayer Schering Pharma AG, Berlin, Germany) was administered followed by a saline flush at a flow rate of 5 mL/s. The rsfMRI scan was performed before the administration of contrast agent, and patients were requested to relax, lie still, and close their eyes for the duration of the scan. No thrombolytic therapy was administered between the rsfMRI and DSC-MRI scans.
Image Processing
DSC-MRI data were analyzed using Stroketool version 2.8 (2011 Digital Image Solutions -HJ Wittsack). The arterial input function was selected by manually identifying 5 to 10 voxels in the distal branches of the middle cerebral artery contralateral to the acute infarction. 14, 15 Time to maximum (Tmax), mean transit time (MTT), cerebral blood flow (CBF), and cerebral blood volume (CBV) maps were generated after block-circulant singular value decomposition deconvolution of the concentration-time curve. 16 Processing of the rsfMRI data was performed according to Lv et al. 7 The first 3 volumes were discarded, and the data were corrected for slice timing effects and motion. The data were spatially smoothed with a 6-mm gaussian kernel, band pass filtered (0.01-0.1 Hz), and 6 head motion parameters were regressed out. Time shift analysis was performed with in-house MATLAB 9 (The MathWorks, Inc, Natick, MA) scripts. Two different reference time signals were used: the mean BOLD time series across the whole brain (BOLD delay WB) and the mean BOLD time series in the major venous sinuses (BOLD delay VS), extracted using a venous sinus template (online-only Data Supplement).
The BOLD signal time series for each voxel was cross-correlated with the reference time series in steps of repetition time (2.3 seconds). Each voxel was assigned the value of the step that yielded the highest cross-correlation between the BOLD signal in that voxel and the reference signal. Positive values indicate that the voxel's BOLD signal followed the reference signal (delay), and negative values indicate that the voxel's signal preceded the reference signal.
A preliminary analysis indicated that the number of time shifts needed for maximal cross-correlation between the 2 signals (the time shift range) was variable between patients. We, therefore, report the results from 3 different time shift ranges (3, 7, and 10 corresponding to 6.9, 16.1, and 23 seconds, respectively) for each of the reference signals.
Maps of BOLD signal coefficient of variation (CoV) were generated by dividing the SD of the BOLD signal in each voxel by its mean.
The diffusion-weighted images, perfusion maps, and BOLD delay maps were registered to a study-specific echo planar imaging template, and cerebrospinal fluid artifacts were removed (online-only Data Supplement).
Relationship Between DSC-MRI and BOLD-Based Perfusion Maps
Infarcts were delineated manually on the diffusion-weighted images by an experienced neuroradiologist using MRIcro (version 1.4; Chris Rorden). The mean values of BOLD delay, Tmax delay, MTT delay, CBF, CBV, and CoV in 156 regions of interest were extracted from the maps (online-only Data Supplement). On the basis of the findings that voxels with hemodynamic lead (LFOs in the voxel preceding those in the reference time course) show no clear relationship to blood flow, 5 we excluded these voxels from all quantitative analyses. In addition, the perfusion values in each voxel were compared across perfusion maps.
Identification of Severely Hypoperfused Tissue
Using a custom vascular territory atlas (online-only Data Supplement), voxels of Tmax delay >6 seconds within the vascular territory of each patient's acute infarct were used to create a severe hypoperfusion mask. Voxels within the same vascular territory on the MTT, CBF, CBV, CoV, and BOLD delay maps (without applying a quantitative threshold) were overlain on the binarized severe hypoperfusion mask, and a receiver-operating characteristic (ROC) analysis was performed.
Statistical Analyses
Statistical analyses were performed using MATLAB 9 and SPSS 23 (IBM Corp, Armonk, NY). For each patient, relationships between mean perfusion values in the regions of interest were assessed using Pearson correlation coefficient. Multiple linear regression was performed to assess the relationship between the DSC-MRI parameters, BOLD delay, and CoV values derived from the regions of interest for each patient.
For the voxelwise analysis, Pearson correlation was calculated between the different perfusion maps. In addition, a ROC analysis was performed to evaluate the performance of each of the perfusion maps in predicting severely hypoperfused (Tmax >6 seconds) tissue. 17 The ROC analysis was performed for each patient separately and with all voxels pooled across all patients (n=30), and the areas under the ROC curve (AUC) are reported. In the pooled analysis, optimal perfusion thresholds were determined by attributing equal weight to sensitivity and specificity.
Results
Patients
Thirty patients were eligible for analysis (online-only Data Supplement). Mean age in the sample was 71 years (SD=14 years) and 17 out of 30 patients were men. Median time from symptom onset to MRI was 13 hours (interquartile range [IQR]=2.4-17.3 hours). Ten patients were scanned within 4.5 hours of symptom onset, and 15 patients received intravenous thrombolysis, 8 of these treatments were computed tomography based (before MRI). The median National Institutes of Health Stroke Scale score on admission was 4 (IQR=3-12) and at discharge was 2 (IQR=1-5).
Vascular territories of the acute infarct were distributed as follows: middle cerebral artery=21, anterior cerebral artery=2, and posterior cerebral artery=7. Median diffusion-weighted images lesion volume was 14.6 mL (IQR=5.9-28.9 mL). Twenty-three patients had a vessel occlusion on magnetic resonance angiography, and 10 patients had imaging evidence of a previous infarction.
The mean framewise displacement 12 across all image volumes ranged from 0.07 to 0.35 mm (median=0.2 mm) in the rsfMRI data and from 0.09 to 0.48 (median=0.21 mm) in the DSC-MRI data. Figure 2 , and the corresponding scatter plots from the region-of-interest analysis are shown in Figure 3 . There was no statistically significant relationship between the head motion metrics and the correlation coefficients of any of the pairs of DSC-MRI and BOLDbased perfusion parameters ( Figure I in the online-only Data Supplement). Multiple linear regression was used to predict BOLD delay (VS7) and CoV based on Tmax, MTT, CBF, and CBV for each subject. The mean R 2 across subjects for the prediction of BOLD delay was 0.54 (SD=0.23). The mean R 2 across subjects for the prediction of CoV was 0.37 (SD=0.17). Table 1 shows the mean standardized β coefficients across the sample for the independent variables. A comparison between the R 2 values from models incorporating each of the DSC-MRI parameter maps separately, as well as combined, is shown in Figure II in the online-only Data Supplement.
Relationship Between DSC-MRI and BOLD-Based Perfusion Maps
The distribution of voxelwise correlation coefficients between the DSC-MRI and BOLD delay parameters can be found in Figure III in the online-only Data Supplement.
Identification of Severely Hypoperfused Tissue
In the individual ROC analysis, performed for each patient separately, the MTT map had a median AUC of 0.84 for predicting severe hypoperfusion (defined as >6 seconds). The BOLD delay map with the highest median AUC was VS3 (0.74). Table 2 shows the median and IQR of the AUCs for all the maps.
When all 30 patients were pooled, the BOLD delay maps with the highest AUC for predicting severe hypoperfusion were VS3 (0.76) and WB3 (0.76). The AUC for the MTT map was 0.86. The ROC curves for the pooled analysis are shown in Figure 4 , and the optimal thresholds are shown in Table 2 .
Discussion
In this study, we performed a detailed comparison between perfusion parameters extracted from the BOLD signal and hypoperfusion detected using DSC-MRI in a cohort of acute Figure 1 . Boxplots of the correlation coefficients from the region of interest-based comparison of the different perfusion maps for the study sample (n=30). BOLD indicates blood oxygen level dependent; CBF, cerebral blood flow; CBV, cerebral blood volume; CoV, coefficient of variation; MTT, mean transit time; Tmax, time to maximum; VS, BOLD delay using venous reference signal; and WB, BOLD delay using whole-brain reference signal.
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April 2017 ischemic stroke patients. Our results indicate that BOLD delay is closely related to several perfusion measures derived from DSC-MRI including Tmax, MTT, and CBF. Although the physiological surrogate of BOLD delay is not yet known, it is believed to represent the delayed arrival in the tissue (relative to the reference region) of boluses of oxygenated blood propagated by the heart, influenced by variations in the respiratory and cardiac cycles. In DSC-MRI, this is analogous to Tmax, which is the time taken for the contrast bolus to pass from the vessel from which the arterial input function is measured to the tissue. 18 Indeed, several studies 5, 10 have shown a close relationship between Tmax and BOLD delay. MTT, however, predominantly reflects microvascular perfusion. 19 The distinction between bolus arrival delay and microvascular perfusion is relevant in acute stroke because they have different effects on predicting tissue at risk of infarction. 20, 21 Some of the earliest studies on BOLD delay found spatial similarities between MTT lesions and BOLD delay lesions. 7, 8 Our study shows that BOLD delay is related to both Tmax and MTT on a quantitative level. Although Tmax is the major predictor of BOLD delay, MTT predicts BOLD delay to some extent even when the influence of Tmax is adjusted for (Table 1) . However, the relationship between MTT and BOLD delay shows more individual variability than that between Tmax and BOLD delay, possibly because MTT is more dependent than Tmax on the precise determination of the area under the concentration-time curve and hence the arterial input function. Arterial spin labeling is another promising noninvasive method for assessing cerebral perfusion. In a direct quantitative comparison to DSC-MRI in 24 acute stroke patients, arterial transit time on multidelay arterial spin labeling maps was moderately correlated with Tmax (r=0.66) and MTT (r=0.59). 23 BOLD delay showed comparable correlations with DSC-MRI in our study (with Tmax, r=0.60; and MTT, r=0.50). Directly comparing the diagnostic performances of BOLD delay and arterial spin labeling for detecting hypoperfusion in acute stroke could provide useful information about their relative merits.
Arguably, the most appealing characteristic of resting-state functional MRI is that it provides multiple types of information in one scan. It has been used extensively to study functional connectivity between brain regions and more recently for blood flow assessment. In this study, we also show that it provides information about changes in blood volume. The CoV of the BOLD signal, which reflects how much the oscillations fluctuate around the mean, is moderately correlated with CBV (BOLD delay, however, is not). CBV reflects both vessel size and density, 24 the latter of which has been recently linked to systemic LFOs in the BOLD signal in healthy subjects. 25 Increased CBV in the regions surrounding an acute infarct may be a protective response suggestive of good collateral flow, 26 and its assessment, thus, potentially provides useful additional information in acute stroke.
One of the advantages of DSC-MRI is that quantitative thresholds of Tmax or MTT can help identify severe hypoperfusion that progresses to infarction without intervention (tissue at risk). 27, 28 Our study found that BOLD delay severity is capable of predicting areas of severe hypoperfusion, which we defined as Tmax delay of >6 seconds, with moderate accuracy. Longitudinal studies in acute stroke patients may be able to clarify whether BOLD delay can predict tissue at risk of infarction.
The relationships between the BOLD delay and DSC-MRI parameters show substantial individual variability, which may be explained by interindividual or intraindividual differences in cardiorespiratory physiology. More importantly, however, there is marked variability between individuals in the effects of cardiac and respiratory activity on the BOLD signal. 29 Fluctuations in heart rate and blood pressure, which contribute to BOLD signal LFOs, 30 even show prominent circadian variation within the same individual. 31, 32 Although motion contributes to individual variability in the results of functional MRI analyses, 33 we did not find a statistically significant relationship between motion and BOLD delay ( Figure I in the onlineonly Data Supplement). Finally, differences in vigilance and whether the data are collected with the subjects' eyes open or closed influence neurally driven physiological delays, 34 but it is not known whether they also affect hemodynamic delays.
In its current form, there are some limitations to the BOLD delay technique. Using the venous sinus signal as a reference has shown promise in our current study and in previous reports. 10 However, it requires either manual delineation 10 or the use of a template, 5 making it inconvenient for routine clinical use. The whole-brain signal, however, is conveniently extracted, but the heterogeneity of infarcts in a typical stroke population means that this reference can cause interindividual differences in how BOLD delay is calculated. However, this is only relevant when the ischemic tissue is large, 7 which was not the case in our study sample. This limitation should nevertheless be kept in mind during routine use. In addition, because the signal-to-noise ratio of rsfMRI is lower than that of DSC-MRI, the sequence is particularly sensitive to motion, the effects of which require more extensive investigation. Finally, the temporal resolution of rsfMRI as implemented in this study is lower than DSC-MRI (2.3 compared with 1.3 seconds), and the spatial resolutions of the 2 sequences are markedly different, making their direct comparison difficult.
We are currently investigating several potential solutions for these challenges. Independent component analysis can The standardized regression coefficients (β) are shown as means across the sample, with SD in parentheses. BOLD indicates blood oxygen level dependent; CBF, cerebral blood flow; CBV, cerebral blood volume; CoV, coefficient of variation; DSC-MRI, dynamic susceptibility contrast magnetic resonance imaging; MTT, mean transit time; Tmax, time to maximum; and VS, BOLD delay using venous reference signal. AUC indicates area under the ROC curve; BOLD, blood oxygen level dependent; CBF, cerebral blood flow; CBV, cerebral blood volume; CoV, coefficient of variation; IQR, interquartile range; MTT, mean transit time; ROC, receiver-operator characteristic; Tmax, time to maximum; VS, BOLD delay using venous reference signal; and WB, BOLD delay using whole-brain reference signal.
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automatically extract venous time courses 35 for use as reference signals and has been applied in a similar way to detect the arterial input function in DSC-MRI. 36 It may improve the quality of the reference time course used to assess BOLD delay and has the added advantage of reducing the effects of head motion on the data. 37, 38 Multiband sequences, which allow the acquisition of rsfMRI data at a high temporal resolution, 39 may be useful for a more refined assessment of hypoperfusion in acute stroke.
Conclusions
Our study confirms previous reports that cerebral hemodynamics can be noninvasively assessed using resting-state functional MRI. In acute stroke patients, BOLD delay is related to both macrovascular delay and microvascular hypoperfusion, and information about blood volume can be extracted from the variance of the BOLD signal. Our results also indicate that BOLD delay can identify severely hypoperfused tissue, although longitudinal studies are needed to verify whether this leads to accurate prediction of tissue at risk of infarction.
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